Abstract HIV-associated neurocognitive disorders (HAND) remain prevalent in the combined antiretroviral therapy (CART) era, especially the milder forms. Despite these milder phenotypes, we have shown that motor abnormalities persist and have quantified them with the HIV Dementia Motor Scale (HDMS). Our objectives were to replicate, in an independent sample, our prior findings that the HDMS is associated with cognitive impairment in HIV, while adding consideration of age-associated comorbidities such as cerebrovascular disease, and to examine the longitudinal trajectories of cognitive and motor dysfunction. We included all participants enrolled in the Manhattan HIV Brain Bank (MHBB) from January 2007 to May 2017 who had complete baseline data (N = 164). MHBB participants undergo standardized longitudinal assessments including documentation of comorbidities and medications, blood work, the HDMS, and neurocognitive testing. We found that motor dysfunction, cognitive impairment, and cerebrovascular disease were significantly associated with each other at baseline. Cerebrovascular disease independently predicted cognitive impairment in a multivariable model. Longitudinal analysis in a subset of 78 participants with ≥ 4 years of follow-up showed a stable cognition but declining motor function. We conclude that the HDMS is a valid measurement of motor dysfunction in HIV-infected patients and is associated with cognitive impairment and the presence of cerebrovascular disease. Cognitive impairment is mild and stable in CART-treated HIV; however, motor function declines over time, which may be related to the accrual of comorbidities such as cerebrovascular disease. Further research should examine the mechanisms underlying motor dysfunction in HIV and its clinical impact.
Introduction
Cognitive impairment has long been recognized as an important complication of human immunodeficiency virus (HIV) infection (McArthur et al. 1993; Navia et al. 1986 ). Based on clinical observations, early descriptions included cognitive as well as non-cognitive features, such as motor and behavioral abnormalities (Navia et al. 1986; Janssen et al. 1991) . However, with the widespread use of combined antiretroviral therapy (CART), the clinical features of cognitive syndromes in HIV have changed over the last decades including a decline in the prevalence of severe forms, i.e., HIVassociated dementia (HAD), and an increasing prevalence of milder phenotypes. In response to these changes, in 2007, the Frascati criteria were developed, to include milder and asymptomatic forms of cognitive impairment under the umbrella of HIV-associated neurocognitive disorder (HAND) (Antinori et al. 2007) .
Despite the decline of HAD and the rise of the milder phenotype of asymptomatic neurocognitive impairment (ANI), subtle motor abnormalities have persisted. Accordingly, we developed and validated the HIV Dementia Motor Scale (HDMS) to capture and quantify these findings. The HDMS is derived from standard elements of a neurologic examination which were selected based on the motor abnormalities included in the original descriptions of HAD (Janssen et al. 1991; Navia et al. 1986; Robinson-Papp et al. 2008) . Our motivation for the HDMS was the rationale that motor abnormalities were still clinically observable in the era of CART despite the relatively milder phenotypes of HAND and that these motor abnormalities might contribute to diagnostic accuracy, by being relatively specific to HIV, and by being unaffected by confounders of neuropsychological testing such as low premorbid function. We demonstrated that the HDMS was associated with cognitive impairment in a CART-era cohort and also preliminary longitudinal analyses suggested that the change in HDMS over time paralleled that of cognitive function.
Ten years have passed since the development of the Frascati classification, CART has become even more potent, and HIV research has continued to focus on understanding HIV as a chronic disease which interacts with aging and comorbidities (Mateen and Mills 2012) . Similarly, investigations of HAND must now consider the increasingly important effects of non-infectious comorbidities, particularly, cerebrovascular disease. HIV itself has been shown to be an independent risk factor for cerebrovascular disease (Gutierrez et al. 2017) and is estimated to be one of the most important causes of death in the CART-era HIV population (Braithwaite et al. 2005) .
Thus, we undertook the present study to re-explore the issue of motor dysfunction as a feature of HAND. Specifically, our goals were as follows: (1) to compare the performance of the HDMS to two other measures of motor function: the motor domain of a neuropsychological testing battery (based on the Grooved Pegboard test performance) and the motor section of the Unified Parkinson Disease Rating Scale (UPDRS); (2) to replicate in an independent sample our prior findings that the HDMS was associated with neurocognitive dysfunction in HIV; (3) to determine whether relationships between motor dysfunction and cognitive impairment in HIV are affected by the presence of cerebrovascular disease, a common disorder of aging and HIV; and (4) to explore the relative longitudinal trajectories of change in cognitive and motor dysfunction in a subset of participants with at least 4 years of follow-up.
Methods

Study participants
The Manhattan HIV Brain Bank (MHBB, U24MH100931) is an ongoing prospective cohort and autopsy study founded in 1998, located in New York City, which serves as a research resource of nervous system tissues obtained at the time of death from highly characterized donors. The MHBB cohort and study procedures have been described previously (Ryan et al. 2004) . Briefly, inclusion criteria targets HIV-infected patients with relatively high mortality risk based on clinical judgment, considering issues such as age, comorbid medical illnesses, and laboratory parameters. Participants undergo comprehensive assessments at 6-to 24-month intervals, based on health status and psychosocial stability, with less stable patients seen more frequently. All MHBB procedures are in accordance with the ethical standards of our institutional review board and with the Helsinki declaration of 1975, as revised in 2000. All MHBB participants provide written informed consent.
For the purposes of the current study, we selected participants that entered the cohort after January 1st 2007 and were thereby not included in our initial HDMS validation study. After excluding participants with missing HDMS or cognitive scores at their entry visit, 164 participants were included in the analyses. We then defined a subset of participants who had a study visit performed at least 4 years after this baseline visit. We selected this time frame for reasons of practicality (sample size diminished considerably at longer duration follow-up), and also considering that many neurodegenerative conditions exhibit measurable change within such an interval. With these criteria, we obtained 78 participants for the longitudinal analysis.
Neuromedical assessment
The MHBB neuromedical assessment include the following: documentation of comorbid medical conditions and all medication use including antiretroviral therapy, and collection of blood for HIV-1 plasma RNA load and CD4+ cell count. An optional lumbar puncture is offered to all participants without a contraindication for the procedure. However, only a relatively small group of participants (n = 35) underwent lumbar puncture, precluding inclusion of cerebrospinal fluid HIV-1 viral load in the analyses. Medical comorbidities were elucidated through patient interview, review of medications and their indications, laboratory assessment, and where available, chart review. Cerebrovascular disease was defined as either a patientreported sudden onset neurologic event compatible with a CNS vascular event, chart documentation of cerebrovascular disease, and/or evidence of a prior parenchymal infarct or hemorrhage on available neuroimaging. All patients undergo standardized, comprehensive neurologic examinations including the UPDRS part III (motor section). The UPDRS part III was designed to evaluate and monitor the motor features of Parkinson's disease and incorporates assessment of tone, tremor, coordination, postural reflexes, and gait, with higher scores indicating greater disability (Fahn et al. 1987) .
HDMS
The HDMS (Robinson-Papp et al. 2008 ) is a bedside measurement of five motor domains (strength, muscle tone, deep tendon and abnormal reflexes, coordination, and gait). The strength section has a maximum score of 5 points; tone, reflexes, and gait have each a maximum score of 4, and coordination has 3 points. The maximum total score is 20 and implies severe motor dysfunction.
Assessment of neuropsychological functioning
The MHBB neuropsychological evaluation consists of tests validated in HAND (Antinori et al. 2007 The T scores of these tests were used to calculate a global T score (GTS) which was an average of 6 instead of 7 domainspecific scores; the motor performance domain T score was excluded to avoid artificially inflating a correlation between the neuropsychological and motor testing. Lower T scores indicate poorer performance. Neurocognitive diagnoses were assigned during multidisciplinary consensus meetings according to the Frascati criteria with categories of the following: neurocognitively normal, asymptomatic neurocognitive impairment (ANI), mild neurocognitive disorder (MND), and HIV-associated dementia (HAD). Participants who had a confounding condition that prevented attribution of the cognitive impairment directly to HIV were assigned the diagnosis of Bneuropsychological impairment due to other causes^(NPI-O). Among the confounding conditions were history of stroke, traumatic brain injury, illicit drug abuse, past or current central nervous system opportunistic infection, and low premorbid educational level.
Statistical analyses
For descriptive statistics, we report mean, standard deviation, and minimum and maximum values in most continuous variables, except for those not normally distributed, for which we report median and interquartile range. We also defined the following dichotomous variables: presence/absence of cerebrovascular disease, hypertension, diabetes, hyperlipidemia, obesity, cardiac disease, current smoking; CD4+ count < 200 or ≥ 200 cells/μl; viral load < 50 or ≥ 50 copies/ml. Due to the non-normal distribution of HDMS scores, Spearman's rank correlation was used to analyze their association with continuous variables and the Mann-Whitney U test for dichotomous variables. For normally distributed variables like GTS, Student's t test was to compare these same characteristics.
A multivariable regression analysis was performed with cerebrovascular disease and the HDMS score at entry as independent variables, and GTS as the outcome.
We also categorized participants into motor groups, referred as normal (HDMS = 0) and abnormal HDMS (≥ 0.50), and in cognitive groups, HAND, that includes ANI, MND, HAD, and NPI-O, and No-HAND, which are the cognitively normal participants. To analyze the association between these categories, we performed Fisher's exact test.
In the subset of patients available for the longitudinal analysis, we used a related samples McNemar's test to analyze the differences in proportions in demographic characteristics between baseline and follow-up visits. We used a Paired sample t test to analyze the change between entry and follow-up for HDMS scores. We defined three groups of cognitive change by subtracting the follow-up from the entry GTS: the stable group was comprised of those participants whose GTS remained within one standard deviation (SD, i.e., 10 T score points) in either direction, the improvement group was defined as a rise of GTS of 1 SD or greater, and the decline group was defined as a fall of GTS of 1 SD or greater.
Statistical significance was determined using two-tailed tests with P < 0.05 considered significant.
Statistical analyses were conducted with the commercially available software program SPSS for Windows, version 23 (SPSS Inc., Chicago, IL).
Results
Cohort characteristics
A total of 164 patients were included in the study. As shown in Table 1 , the sample was diverse with regard to race, ethnicity, gender, and age, with participants ranging from 29 to 80 years old. The majority were CART treated, but medically complex, with a high prevalence of cardiovascular and metabolic comorbidities. Comparisons between gender, showed that on average, men were older by 5 years (P < 0.01) and they had 1.5 years of education more than women (P = 0.002). Among comorbidities, women had higher BMI values (mean for females = 29.9, mean for males = 25.0, P < 0.01) and therefore a higher prevalence of obesity status than men. No other characteristic was significantly different according to gender.
HDMS: correlations with other motor measures and clinical features
Our first goal was to explore the performance of the HDMS and compare it with other motor measures. Sixty-one participants (37.2%) scored zero on the HDMS, while the remainder (n = 103, 62.9%) had some degree of motor dysfunction. As shown in Table 2 , among the five subscales of the HDMS, the reflexes and gait items were the most frequently abnormal.
The HDMS was strongly correlated with the UPDRS motor section (r s = 0.820 P < 0.01) and moderately correlated with the motor domain T score derived from the Grooved Pegboard test (r s = − 0.263 P = 0.002), both in the expected direction.
In terms of demographic variables, the HDMS (r s = 0.300, P < 0.01) was moderately positively correlated with age, but not with ethnicity or race. Participants who reported a clinical history of cerebrovascular disease had higher HDMS scores 
HDMS and neurocognitive performance
Our second aim was to determine if the scores reflecting motor dysfunction were associated with GTS as a measure of cognitive dysfunction. We found a modest but significant correlation between the HDMS and GTS at baseline (r s = − 0.158, P = 0.044), indicating poorer neurocognitive performance in participants with greater motor dysfunction, consistent with our prior findings. In contrast, the UPDRS did not demonstrate a significant association with cognitive function (r s = − 0.113 P = 0.197). We also considered neurocognitive status in terms of diagnostic categories. Of our sample of 164 participants, 162 had a definitive neurocognitive diagnosis; two remained without diagnosis because an insufficient number of tests were completed. As shown in Table 1 , roughly one third of participants were cognitively normal (33.3%), whereas relatively few were assigned a diagnosis of HAD. As shown in Fig. 1 , median HDMS scores were low for those participants with normal cognitive function or ANI (0.5 and 0.0, respectively), moderate in participants with MND (2.00) and NPI-O (2.00), and highest in participants with HAD (4.5). Overall, 66% of participants with HAND (including ANI, MND, HAD, and NPI-O) had some degree of motor dysfunction, compared to 56% of those with normal cognition.
Our third objective was to explore the associations between cerebrovascular disease, motor dysfunction, and cognition. We found that mean GTS was lower in participants with cerebrovascular disease (36.20 vs. 42.33, t [155] = 2.905; P = 0.004). A multiple regression model including cerebrovascular disease and the HDMS significantly predicted the GTS, although with a small effect size (F (2,153) = 5.023, P = 0.008, adjusted R 2 = 0.049). The presence of cerebrovascular disease contributed significantly to the model (β = 0.231, P = 0.005), while the HDMS by itself did not (β = − 0.049, P = 0.549). Of note, none of these three variables of interest (HDMS, cerebrovascular disease, GTS) were associated with HIV-1 plasma viral load.
Longitudinal analysis of cognitive and motor status
Out of the 164 participants analyzed in cross-section, 78 had a complete follow-up visit at least 4 years after baseline. Characteristics of the subset at baseline and follow-up are presented in Table 3 . Among these 78 participants, the median duration of follow-up was 60 months with a range of 48-66 months. There were no significant differences in the demographics, laboratory data, and comorbidities of the subset as compared to the larger sample. Many medical comorbidities showed a tendency to increase in prevalence; this increment was statistically significant for hypertension and cardiovascular disease. In addition, more participants were on CART with suppressed viral loads at follow-up.
We assessed for longitudinal change in cognitive status in two ways, first examining for change in GTS and next for changes in neurocognitive diagnosis. As shown in Table 3 , overall, the GTS tended to improve slightly over time (change = 1.985 points; 95% CI, 0.7334 to 3.236; t (77) = 3.158, P = 0.002; d = 0.358, moderate effect size). Using the criterion of one SD (i.e., 10 T score points) as a threshold for significant change, we found that among the 78 participants, n = 5 improved, and the rest (n = 73) were stable. None of the 78 participants showed meaningful decline.
Examination of HDMS scores indicated that mean motor function in the group declined over time. Mean HDMS scores at follow-up (2.744 ± 3.268) were significantly higher (i.e., worse) by 0.91 points (95% CI, 0.308 to 1.513) than those at entry (1.833 ± 2743), t (77) = 3.010, P = 0.004, d = 0.34 (moderate effect size). For all of each five sections of the HDMS, the median score was 0.00 which is the minimum score indicating no motor dysfunction on that item
Changes in neurocognitive diagnoses from baseline to follow-up are shown in Table 4 . The great majority (91.3%) of the initially normal participants remained cognitively normal. The ANI and MND groups were both small; however, it is notable that none of these 12 participants progressed to HAD, and five of them returned to a normal diagnosis.
Discussion
We undertook this study with the goal of confirming the role of motor abnormalities in HAND. Specifically, we sought to determine whether the HDMS was still useful in quantifying motor dysfunction in an independent HIV-infected sample, and if it is correlated with cognitive performance. Also, given the increasing importance of aging in the CART-era, we included chronic vascular and metabolic comorbidities, to determine if they were contributors to the motor and cognitive dysfunction present in HAND. We found that motor abnormalities are captured by the HDMS, which performs better in this regard than other motor measures (Grooved Pegboard and UPDRS), and are associated with cognitive dysfunction. This relationship was present despite the paucity of the more severe forms of HAND (i.e., HAD) in which motor abnormalities were initially described. The presence of cerebrovascular disease influenced this association. In fact, when cerebrovascular disease and HDMS were used to predict cognitive impairment, HDMS did not remain significant when cerebrovascular disease was considered. This was not surprising, as individuals with stroke-induced focal deficits would be more likely to manifest motor abnormalities. In fact among participants with cerebrovascular disease, the mean HDMS score was 4.30 (data not shown). Longitudinally, we found that motor function worsened over time and was accompanied by an accrual of comorbid medical illnesses. Significant decline in cognitive function was not observed over the time period assessed.
Several methodologies have been used in prior studies to quantify motor abnormalities in the context of HIV. For HAD is not included on this table because none of the 78 participants had this diagnosis at entry or at follow-up a One participant from this group was not assigned to a specific HAND diagnosis at follow-up example, one group (Arendt et al. 1989 ) developed a laboratory-based battery that included measurement of postural hand tremor, rapid voluntary alternating index finger movement, and rapid voluntary isometric index finger extensions. Motor abnormalities as detected by these tests performed regularly and could predict AIDS cerebral disease (Arendt et al. 1994) . Simpler tests, such as timed gait, have also been found to distinguish participants with the more severe forms of symptomatic HAND, from HIV-negative controls and asymptomatic HIV patients (Robertson et al. 2006 ), but are not expected to perform as well in milder HAND phenotypes. The HDMS represents a middle ground between these two approaches, assessing a broader range of abnormalities than timed gait, but avoiding the need for specialized equipment. Indeed, another bedside motor assessment developed for schizophrenic patients, but with items similar to those contained in the HDMS, was found to correlate with mild phenotypes of HAND in 35 Chilean HIV-infected patients (Toro et al. 2015) . Applicability of the HDMS to milder HAND phenotypes is important given their relatively higher prevalence today as compared to HAD. Even though our cohort targets participants with greater burden of illness, who we would expect to have greater risk for HAD, the prevalence of HAD was only 3.1% at baseline, which is a significant decline from the 19.4% observed in our prior study (Robinson-Papp et al. 2008) . Similar findings have been reported by others; for example in the CHARTER study, a large US-based HIV-cohort study (n = 1555) (Heaton et al. 2010) , the prevalence of HAD was 2%. This study demonstrates that the HDMS is capable of measuring subtle motor abnormalities in a CART-era HIV population and that these abnormalities correlate with cognitive impairment. However, it also raises the question of whether motor and cognitive dysfunction in patients with longstanding HIV infection might be due in part to the effects of aging and vascular comorbidities.
Our participants had a high prevalence of cardiovascular comorbidities, with around 40% having hypertension, hyperlipidemia, and being smokers. Other groups have reported similar findings. A Chicago-based cohort of 87 HIV-infected patients older than 60 years reported a prevalence of 61% for hypertension and 26% for diabetes (Adeyemi et al. 2003) . A study including 13 cohorts from North America and Europe that analyzed the causes of death of HIV patients from 1996 through 2006 showed that 6.5% of the deaths were attributable to cardiovascular disease (Sackoff et al. 2006) . Modeling based on data from the CHORUS cohort estimated that 41% of HIV-infected individuals will die of non-HIV-related causes, and of these 35% will be due to cardiovascular causes (Braithwaite et al. 2005) . Cerebrovascular disease in HIV is also increasingly recognized; autopsy studies have demonstrated cerebral ischemic lesions in 4-34% of patients (Sharer and Kapila 1985; Connor et al. 2000; Berger et al. 1990; Mizusawa et al. 1988; Moskowitz et al. 1984) , and clinical series have shown a prevalence of stroke between 0.6 and 5% (Arentzen et al. 2015; Benjamin et al. 2012; Evers et al. 2003) . The etiology of cerebrovascular disease in HIV is likely related to a combination of traditional vascular risk factors and HIV-specific factors. HIV infection has been associated with greater adventitial inflammation of large brain arteries and dolichoectasia, compared to HIV-negative controls (Gutierrez et al. 2016) , and in a recent review (Benjamin et al. 2016) , several types of HIV-associated vasculopathies were defined. Given this, it is possible that an increasing burden of cerebrovascular disease in the aging HIV population is one explanation why motor abnormalities still accompany cognitive dysfunction, even when the most severe form (i.e., HAD) is in decline.
These observations are borne out by our longitudinal analysis which showed that although cognition remained generally stable over the observation period, motor abnormalities worsened. The lack of significant cognitive decline is an encouraging finding; however, the accrual of motor dysfunction is worrisome. Motor dysfunction is part of many neurologic disorders of aging and has real impact on a person's ability to age successfully and maintain independence (Wallace et al. 2017) . The combination of neuropsychological impairment, even if stable and relatively mild, with motor dysfunction may contribute to a frail HIV-infected aging population even in the setting of immune reconstitution and viral suppression.
This study has limitations. The MHBB cohort is a tissue donation study and therefore selectively recruits older individuals with higher burdens of medical disease. Thus, we cannot use these data to estimate the prevalence and longitudinal course of motor abnormalities in more general HIV-infected populations, especially younger patients. Similarly, we cannot conclude that cerebrovascular disease and motor dysfunction will still determine cognitive dysfunction in the global HIV population including healthier individuals. Also, the majority of our participants with HAND had other confounding conditions that could have contributed to their cognitive impairment (NPI-O); thus, while our sample is a realistic representation of the complexity of many HIV-infected populations, it is illsuited to discern the effects of HIV in isolation. Another limitation is that the analysis of cognitive change does not adjust for practice effects on neuropsychological testing.
In summary, this study reinforces the continued relevance of motor dysfunction, as measured by the HDMS in HIVinfected patients. In response to current phenotypic changes in HAND, we proposed to rename it HIV Motor Scale (HMS). The advantages of this scale include that it is a bedside objective motor assessment, resistant to practice effects, and not influenced by a low premorbid function. We also confirmed the relationship with cognitive dysfunction, which in this aging population can be a result of a HIV-associated cognitive impairment or cerebrovascular disease. It is as yet unknown whether the accrual of the disorders of aging like cerebrovascular disease will henceforth change the phenotype of HAND, reversing the decline in the more severe forms, or whether the greater potency of today's antiretrovirals and guidelines directing their earlier use (Panel on Antiretroviral Guidelines for Adults and Adolescents n.d.) will be sufficiently protective to preserve the milder HAND phenotype and perhaps prevent new cases from developing.
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